We report the measurement of the internal dark current in a 17 GHz, high gradient accelerator cavity and its comparison with theory. The cavities were fabricated from copper and had a side wall that was either uncoated or coated with diamond-like carbon or TiN. Dark current was monitored by a downstream detector and by detectors behind two small slits made in the cavity side wall. With increasing gradient, the downstream current increased monotonically, as expected for field emission. The variation of the internal, side dark current was not monotonic, but showed the onset of peaks at gradients near 45 MV/m and 65 MV/m. These were identified as the N = 2 and N = 1 single point multipactor resonances. The total internal dark current was estimated at ~15-30 A. The magnitude of the internal dark current and its dependence on the gradient were in good agreement with simulations using the CST code as well as an in-house code. Processing to higher gradient, ~90 MV/m, eliminated the N = 2 mode but the N = 1 mode persisted. The coated side wall cavities showed the same multipactor resonances as the uncoated structure. However, at the highest gradient achieved in testing, the coated structures showed a modest reduction in internal dark current.
INTRODUCTION
Dark current is a current of electrons generated by field emission from the accelerator walls, in distinction from the primary current propagating along the accelerator axis [1] . Dark current is an unwanted effect in the operation of a high gradient accelerator structure. If dark current electrons are captured in phase along the beam line, the electrons will gain kinetic energy and interfere with the primary electron beam [2] . Dark current electrons that are captured and accelerated to high kinetic energy can collide with the accelerator cavity inner surfaces, especially the high electric field regions (irises, for example), and cause damage [3, 4] . Dark current that propagates along the accelerator axis can be measured by Faraday cups installed at the ends of the accelerator structure. Spectrometers can analyze the electron energy distribution contributing to the study of the high gradient performance of the structure [5] [6] [7] [8] and the detailed breakdown processes [9] .
In addition to the dark current that propagates along the axis, which is called downstream dark current, there is an internal dark current that remains inside the individual accelerator cavities. This internal dark current is well known to exist in accelerator structures but has been the subject of a very limited number of studies. Simulation efforts have been carried out to study the dynamics of the internal dark current [2, [10] [11] [12] . These studies showed evidence of internal dark current, although the portion of the electrons that could be captured, transmitted along the beam axis and thus detected by the downstream Faraday cups was found to be a small fraction of all of the electrons generated.
We report an experimental and theoretical investigation of internal dark current generated at the side wall in a high gradient accelerator structure. Electrons generated at the wall can be accelerated by microwave fields near the wall, returning to the wall and colliding with it. These electrons may generate a large number of secondaries if the conditions for resonant multipactor ionization are present. This internal dark current will produce a cloud of electrons near the side wall. It will also cause heating of the structure and may result in outgassing and ionization of gas atoms. For these reasons, the study of internal dark current is potentially a very important issue in research aimed at increasing the gradient of electron accelerators. Theories and experiments on multipactor were reported in the early days of accelerator research, especially for Sband and below [13] [14] [15] [16] . These studies investigated electron multipactor effects caused by the axial electric field and produced downstream dark current. The present study differs in considering internal dark current excited by radial fields near the cavity side wall. Recently, Cahill et al. showed that internal dark current may limit the achievable gradient in the operation of cryogenic copper accelerator cavities [17] .
In this paper, we introduce our 17 GHz high power test experimental setup and then describe the internal dark current simulations using the commercial code CST [18] as well as our own code. High power experimental results for the accelerator structure with uncoated and coated side walls will be reported next, followed by discussion and conclusions.
EXPERIMENTAL SETUP
The block diagram of the single cell high power experimental test stand at MIT is shown in Fig. 1 . The microwave source is a traveling wave relativistic klystron working at a center frequency of 17.145 GHz with a bandwidth of 20 MHz, produced by Haimson Research Corporation [19] . It is capable of generating a microwave pulse of 10 to 1000 nanoseconds with a maximum power of 25 MW at 76 dB gain. We use a 4.4 dB hybrid at the rf output end of the klystron to protect the klystron from power reflection that may occur during structure rf breakdown. The structures are installed in a test vacuum chamber that is isolated from the klystron vacuum by a ceramic window.
____________________________________________
The diagnostics of the experiment include the forward and backward rf power signals, the downstream current monitor signal (DC-D), and two side current monitor signals (DC-S1 and DC-S2). The forward and backward rf power was sampled by a 65 dB attenuation directional coupler and two Schottky detector diodes. Breakdown events were easily identified from the two side dark current signals and the downstream dark current signal. The test stand had been previously used for the high power testing of the MIT disk-loaded waveguide (DLWG) accelerator structure [20] . That structure had a measured breakdown rate of ~1.2×10 -2 per pulse per meter at a gradient of 89 MV/m with a pulse length of 100 ns. The DLWG structure is scaled from the X-band SLAC design with 0.215 aperture-wavelength ratio, as shown in 
MULTIPACTOR SIMULATION
The electric and magnetic field distributions of the structure of Fig. 2 are displayed in Fig. 3 . It can be seen that the central cell has the highest axial electric field, and the ratio of the magnitude of the maximum electric field in the three cells is approximately 1:2:1.
MIT Particle Tracking Simulation Code
We developed a 2-D particle tracking code to simulate the electron trajectories at the side wall of an accelerator cavity. The code uses the electric and magnetic field calculation results exported from CST Microwave Studio. The code was 2-D, because for a standing wave structure working in the TM 01 mode (transverse) and π-mode (longitudinal), there is no electric or magnetic field exerting an azimuthal force on the electron, so that we only needed to calculate the electron trajectories in the longitudinal plane. The structure geometry determines that the surface radial electric field on the side wall is not zero, but has a small, sine-like profile (Fig. 4) . It is this small but nonzero radial electric field that causes the electron multipactor and the internal dark current. The magnetic field along the side wall is nearly constant along the z direction (Fig. 4) . At z = 0, the radial variation of the axial electric field takes the shape of a 0th order Bessel function, peaking at the beam axis and equaling zero at the side wall. When an electron is released from the side wall surface, multipactor can be initiated and driven by the configuration of the electric and magnetic fields at the side wall of the cavity. We used the Rung-Kutta-Fehlberg algorithm (RKF45) for the calculation of the electron dynamics [21] . Figure 5 shows the longitudinal (rz) plane for multipactor electron trajectory simulation. For a given acceleration gradient (E g ) and emission site on the side wall (z 0 ), an electron with an initial kinetic energy E 0 and emission angle γ 0 was released at an rf phase of φ 0 . The origin O of the z axis along the side wall was set at the equator of the central cell side wall. In the code, for each (E g ,z 0 ) parameter pair, we did a 2-D sweep of γ 0 and φ 0 to look for electron impacts and multipactor resonance. The secondary electron yield (SEY) of the returning electron was calculated using Vaughan's model [22] . When the SEY exceeded unity, multipactor was observed. We used N to represent the number of rf cycles elapsed between the release of the electron and the collision of the electron back onto the surface. We classified the multipactor into different modes according to the different trajectory patterns. Within the range of acceleration gradient up to 350 MV/m, we found three modes of single surface multipactor: the first and the second order of the 1-point multipactor, and the first order of the 2-point multipactor, as illustrated in Fig. 6 . In the 1-point multipactor mode, the electron returns to the emission site after one (first order, N = 1) or two (second order, N = 2) rf cycles, and the typical excursion distance of the electron away from the side wall surface is very small, only about 0.1 mm. For the 2-point multipactor (N = 0.5), the electron impacts between two locations equally distant from the side wall midpoint (origin O) with a period of half an rf cycle. It is worth pointing out that the trajectories are formed under the influence of both the electric and magnetic fields near the side wall and that the resonance is lost when the magnetic field is turned off in the calculation. In Fig. 6 (a), the electron is released with 2 eV initial energy, and returns to the surface with an energy of 105 eV.
In this way, on the E g -z 0 plane, multipactor susceptibility diagrams can be generated to illustrate where the accelerator cell is prone to multipactor of various modes. For example, a diagram made with initial kinetic energy E 0 = 2 eV is shown in Fig. 7 . Each point on the diagram represents an electron trajectory of the corresponding multipactor mode with the electron released at a location z 0 and an acceleration gradient on axis of E g . The color contour shows the SEY of the returning electron. The SEY depends on the energy and the incident angle of the electron returning to the side wall. The larger the SEY, the more serious the multipactor is likely to be. It can be seen that the second order 1-point multipactor (N = 2 mode) turns on at a relatively lower gradient (~45 MV/m), and then the first order 1-point multipactor (N = 1 mode) appears at a higher gradient (~65 MV/m) and covers a wider range of the gradient. The span along the z-axis of these two multipactor modes covers most of the side wall length. The first order 2-point multipactor (N = 0.5) happens at a far higher gradient (≥ 200 MV/m) which cannot yet be attained in our experiments (Fig. 8 ), but it does imply that the multipactor problem may still serve as a barrier for achieving a very high acceleration gradient in the future. The internal dark current will form an electron cloud at the side wall of thickness l and electron density n m . This layer will have an effective dielectric constant:
where n c is the cutoff density at 17.1 GHz (n c = 3.6×10 18 m -3 ). Assuming that the layer is uniform, it will detune the cavity frequency by an amount:
where the cavity radius R 0 = 7.58 mm and constant C  0.03. We estimate that l/R 0 ~10 -2 and n m /n c ~10 -2 , so that the detuning is much less than Q l -1 , where our cavity loaded quality factor Q l  3000. The cavity is thus predicted to remain in resonance even after the formation of the electron cloud in a multipactor discharge. Calculations at other frequencies (2 to 110 GHz) also predict that the sidewall electron cloud does not grow large or dense enough to cause detuning and power reflection from the cavity.
CST PIC Simulations
To verify the results from our electron trajectory calculations, we did particle-in-cell simulations in CST Particle Studio. The MIT-DLWG structure was modelled with a section of the central cell side wall assigned with secondary electron emission (SEE) properties (Fig. 9) . The section is a strip 0.60 mm wide by 5.68 mm long. The choice of using just a portion of the side wall, a strip, was necessary in order to limit the calculation size but is also reasonable since the forces in the azimuthal direction are very small. In the simulation, a square pulse microwave input filled the structure in the TM 01 mode. A point source of electrons located on the iris where the electric field was maximum emitted electrons upon each rf cycle. The emitted electrons traveled to the side wall surface, and the multipactor on the structure side wall was monitored by calculating the collision and emission current on the side wall section with SEE properties. The electrons released from the point source only served as the seeding electrons, the current of which is very small compared to the collision current generated by multipactor. Figure 10 displays the simulated acceleration gradient and multipactor current vs. time. The multipactor current value in the plot is the total current, obtained by scaling the current generated in the azimuthal length of the strip section (0.60 mm) to the total central cell circumference (47.50 mm). The major result of this calculation is that the multipactor current is not a monotonically increasing function of the accelerator gradient. Instead, it shows a spike when the gradient increases to about 45 MV/m, then a reduction to a low value, followed by a sharp rise at a gradient of 65 MV/m. The large current seen above 65 MV/m causes the simulation to terminate. The values of the gradient at which the multipactor turns on in Fig. 10 agreed well with the prediction from the susceptibility diagram (Fig. 7) . The effects of the first and the second order 1-point multipactor were thus observed in both simulations. CST PIC simulation multipactor current and gradient vs. time.
MODIFIED STRUCTURE DESIGN AND SIMULATION
In order to directly measure the internal dark current in high power operation, we built a modified version of our MIT-DLWG structure, designated as the MIT-DLWG-S structure (Fig. 11) . The new structure has two thin side slits on the central cell side wall so that the dark current can be extracted directly from the central cell into a Faraday cup detector (the side dark current monitor). The slits are each 0.51 mm wide (along the azimuth) and 5.68 mm long (along the z-direction), and are separated by 180 degrees. Figure 11 : Central cell design of the MIT-DLWG-S structure. Two thin slits are opened on the side wall, opposite to each other. 1 -the side wall section assigned with SEE properties; 2 -the side dark current monitor; 3 -the electron emission point source.
Because the slits cause small perturbations in the electric and magnetic fields in the structure, we conducted additional simulations of dark current and multipactor for the MIT-DLWG-S structure in CST Microwave Studio. At the same gradient, the peak magnetic field in the MIT-DLWG-S structure is 1.2 times the peak magnetic field in the MIT-DLWG structure, and the maximal electric field on the slit is 1.3 times the peak electric field on the MIT-DLWG structure side wall. For a 210 ns rf pulse, the maximum pulsed temperature rise in the MIT-DLWG-S structure is around 50 K for a 90 MV/m gradient.
One purpose of these PIC simulations in CST Particle Studio was to see whether the secondary electrons can effectively transmit through the side slits and reach the side dark current monitors. As indicated in Fig. 11 , a point electron source is assigned at the location where the electric field peaks on the iris. Some of the released electrons will gain energy and travel to the side wall. A section of the central cell side wall, including one side of the slit, is assigned as a SEE emitter (Vaughan's model) [22] . At certain gradients, multipactor generates an electron cloud on the surface of this side wall section. The central angle α of the SEE section is set to 20°, which we found to be large enough to model all of the electrons that could reach the side dark current monitor outside the slit.
At a fixed gradient of 60 MV/m, the N = 1 mode of the multipactor was identified on the side wall section assigned with the SEE property and a saturated multipactor current (the collision current onto the surface) of 5.0 A was obtained in the simulation after 2 ns. Considering α = 20°, we estimate the total multipactor current on the entire side wall to be 90 A. Meanwhile, the side dark current monitor received a current of 12.5 mA. This current is generated only from one side of the slit, therefore we would expect 25 mA of side dark current if there should be 90 A multipactor current inside the structure. These simulations were used to scale the dark current measured in the side Faraday cups in the experiment to approximate values for the full side internal dark current in the structure, and the scaling factor is roughly 3600. The simulation also verified that the structure was not detuned due to the electron cloud formed on the surface of the side wall section.
STRUCTURE FABRICATION
An assembly drawing of the MIT-DLWG-S structure is shown in Fig. 12 . Six stainless steel rods clamp the copper plates of the structure sections. Also shown in Fig. 12 are the copper downstream dark current monitor (DC-D) and the two stainless steel side dark current monitors (DC-S1/2). All the current monitors are fastened onto the structure using ceramic fasteners, so that they are electrically isolated from the metal structure. The central cell of the structure was fabricated in three versions: an uncoated copper cell, a cell coated with diamond-like carbon (DLC) and a cell coated with titanium nitride (TiN). The coatings were a nominal 20-25 nm thick in order to lower the surface secondary electron yield [23] [24] [25] while maintaining the structure rf properties unchanged. Only the side wall of the central cell was coated, while the surfaces of the end plates as well as the irises were uncoated copper. Separate experimental tests were conducted with the MIT-DLWG-S in which the central cell side wall was uncoated (copper), DLC coated and TiN coated respectively. The purpose of the coated structures was to investigate a possible reduction in internal dark current through the low SEE properties of the DLC and TiN surfaces. All of the parts were fabricated via direct machining in the MIT shop with the exception of the slit features, which were made by wire EDM. The structures that were coated were sent for coating to Acree Technologies Inc. of Concord, CA, USA. Masking was used to limit the coating to the side wall. 
EXPERIMENTAL RESULTS

Cold Test
The cold test of all three structures was carried out using a vector network analyzer and a TM 01 mode launcher. Fig. 13 shows the measured reflection coefficient of the MIT-DLWG-S structure around the -mode resonance. We measured the quality factors and the resonant frequency of the structure, as shown in Table 1 . We measured the quality factors and the resonant frequency of the structure, as shown in Table 1 . In the Table, Q 0 measures the ohmic loss in the cavity, Q ext measures the power loss into the external circuit and the loaded (total) quality factor Q l is defined as Q l -1 = Q 0 -1 + Q ext -1 . We measured the axial electric field distribution using the nonresonant method [26] , with a dielectric bead perturbing the field along the beam axis. The result agreed well with the simulation, as shown in Fig. 14. 
High Power Test: Early Processing Results
A sample pulse at the test stand ( Fig. 1) is displayed in Fig. 15 . The high power microwave pulse was a flat top pulse of length 210 ns. The power coupled inside the structure varied during the pulse length, but was stable to within ±10% over a ~120 ns time interval. In the following discussion of the experimental results, we refer to the gradient as the peak value reached inside the structure during the pulse. The repetition rate of the high power testing was typically one pulse per second. We limited consecutive breakdowns to a maximum of ten before decreasing the microwave power level to prevent further breakdowns. The structures were each tested for about 2.2×10 5 high power pulses. The downstream dark current (DC-D) and the two side dark current (DC-S1/2) signals were monitored and the traces recorded. A typical set of measured dark current traces for all three dark current monitor signals is shown in Fig. 16 for a gradient of 65 MV/m for the uncoated MIT-DLWG-S structure. For the downstream dark current, we find that the signal rises monotonically with increasing gradient. This is a typical and expected result. As conditioning proceeded, at the same level of gradient, the amplitude of the downstream dark current tended to decrease. After processing to about 2.2×10 5 pulses, we measured the downstream dark current amplitude vs. acceleration gra-dient, and the plot is shown in Fig. 17 for all three of the tested structures -the uncoated structure and the two coated structures. There was no significant difference between the downstream dark current amplitude levels for these three different structures.
The traces of the side dark current vs. time were significantly different from the downstream dark current traces. For all of the dark current measurements, the waveforms of the two side dark current detectors were highly repeatable and always nearly identical, so that we can specialize to either one of the detectors. The remarkable feature of the side dark current traces was that the amplitude of the side dark current did not increase monotonically as the gradient increased, but showed spikes and plateaus at certain gradient levels, as clearly seen in Fig. 16 . The first spike occurs as the gradient reaches a value of ~45 MV/m and the second spike occurs at ~65 MV/m. Field emission theory would predict a monotonic increase with gradient and therefore cannot explain these results. Fig. 18 shows a sequence of side dark current traces at increasing values of peak acceleration gradient for the uncoated structure. For a peak gradient below 45 MV/m, the side dark current was at the noise level ( Fig. 18(a) ), but, starting at 45 MV/m, we observed a sudden turn-on of the side current with the profile shown in Fig. 18(b) . With increasing gradient, the side dark current trace increased in pulse duration. The side dark current also developed two spikes, one at the beginning and one at the end of the pulse. A second threshold behavior of the side dark current occurred when the structure gradient increased from 65 MV/m to 66 MV/m. The spike at the end of the pulse, as shown in Fig. 18(e) , grew much larger with a tiny increase in gradient. The variation of these traces with gradient was highly reproducible. It is remarkably different from the downstream dark current.
The observed sudden increase of the side dark current amplitude around 45 MV/m and 65 MV/m gradient corresponds almost exactly with the turn on of the N = 2 and N = 1 multipactor modes, respectively, predicted by the simulations. We plotted the measured side dark current vs. the acceleration gradient and compared the result with the CST PIC simulation result, as shown in Fig. 19 . The measured value of the side dark current was scaled to the appropriate value for the entire central cell side wall, using the scaling factor derived in the CST simulations (Fig. 10) . The experimental measurement agrees very well with the PIC simulation predictions for the first and the second order multipactor resonances. 
High Power Test: Later Processing Results
As the conditioning progressed, the side dark current spikes that occurred at 45 MV/m gradually disappeared, but the sudden increase of the side dark current around 65 MV/m remained. A typical set of dark current measurement traces taken at the end of the MIT-DLWG-S processing (~2.2×10 5 pulses) and at a peak gradient ~90 MV/m is shown in Fig. 20 . These traces may be compared with the results shown in Fig. 16 where the structure was only processed up to ~66MV/m. In Fig. 20 , we can see that the N = 2 multipactor resonance has disappeared since there are no longer side dark current spikes at ~45 MV/m gradient. We also see that the side dark current is still spiking near 65 MV/m gradient. These spikes are seen on both the rise and fall of the gradient curve. In the center of the pulse, at gradient levels above ~75 MV/m, there is a decrease in the side dark current. Again, this is counter-intuitive if we suppose that the side dark current comes from field emission. The reason for the side dark current decrease can be explained as the structure exceeding the N = 1 mode multipactor barrier as the acceleration gradient ascends or descends through a value of 75 MV/m. 
High Power Test: Coated Structures
Observations of the side dark current showed very similar features for the structure tests with coated central cell side wall structures when compared with the uncoated structures. At an early stage of conditioning, side dark current spikes (N = 2 mode) were observed at ~45 MV/m in both the DLC and TiN coated structures, and they faded away when the structures were processed to higher power microwave pulses. The sharp increase of the side dark current amplitude at a higher gradient near 65 MV/m (N = 1 mode) was consistently observed. At the end of the tests, at a gradient ~90 MV/m, the measured side dark current amplitude was in the range of 4 to 9 mA for all structures, which scales to ~15 to 30 A total multipactor current on the entire central cell side wall.
We took one side dark current trace from the last day of processing (2.2×10 5 pulses) for each of the three structures, and a plot of the side dark current vs. the gradient for all three structures is shown in Fig. 22 . The most interesting difference between the structures occurs at the highest gradient values. The N = 1 mode of the multipactor turns on at about 62 to 66 MV/m in the three structures. At a gradient above 75 MV/m, the coated central cell side walls consistently yielded less side dark current, compared with the uncoated side wall, although the differences are modest. Fig. 22 also shows the highest gradient achieved in testing to 2.2×10 5 pulses, with the TiN coated structure reaching the highest value, 92 MV/m. 
Breakdown Rate vs. Gradient
After 2.2×10 5 pulses, all three versions of the structure achieved a breakdown rate level of ~10 -1 per pulse per meter in the gradient range of 80 -90 MV/m. Because the structures were far from being fully conditioned, it was unclear whether the coatings had an effect on reducing the structure breakdown rate. A future study with greater processing of the structure would be needed to determine the function of the SEE suppression coatings in breakdown events.
DISCUSSION AND CONCLUSIONS
To our knowledge, this is the first detailed study of the internal dark current vs. gradient in a high gradient accelerator structure. The internal dark current was extracted directly from the side of the high gradient accelerator cell. The results show clear evidence of multipactor in a normal conducting, high gradient accelerator structure.
Experimental measurements showed the first and the second order 1-point multipactor, as predicted by CST PIC simulations as well as by our in-house 2-d particle tracking code. Very good agreement was obtained between theory and experiment for the value of the gradient at which first and the second order 1-point multipactor is initiated.
An estimated side wall total multipactor current of ~30 A was derived by scaling from the PIC simulation result for an acceleration gradient of ~90 MV/m. The simulations showed that the average collision kinetic energy of the electrons with the side wall was only about 60 to 70 eV, so the thermal power deposition from the multipactor was several kW. This power level is negligible compared to the surface ohmic heating (MW level) in a room temperature high gradient accelerator structure. A possible technique for mitigating multipactor is the use of a magnetic field to suppress the multipactor oscillation, as demonstrated in past research experiments [27] - [30] . This could be a useful approach for a future investigation with our structures.
The internal dark current could be a factor in the rate of breakdowns at very high gradient. It is possible that the intense interaction of low energy electrons and the material surface can give rise to serious outgassing and local gas ionization. Internal dark current can also grow to form a dense cloud of electrons that can send electrons towards the axis through space charge and rf forces. As the electrons travel away from the side wall, they witness larger rf electric fields and they can gain energy much faster in this process. Such electrons could contribute to the breakdown rate. These effects would be of interest for further investigation.
Two types of coatings, diamond-like carbon and titanium nitride, were applied separately in tests on the central cell side wall of the structure in an effort to reduce the surface secondary electron yield. Above a gradient of 75 MV/m, both types of coating helped to modestly reduce the secondary electron emission on the central cell side wall. These results are in qualitative agreement with the known lower values of the SEY of these materials [23] - [25] . Further research at high gradient would be needed to fully understand the detailed effect of these coatings on achieving reliable operation at high gradient. The test with the titanium nitride coating achieved the highest structure acceleration gradient after the same level of processing. Fig. 20 illustrates the changes in the structure side dark current that result from processing the structure up to the highest gradients shown in Fig. 22 . In Fig. 20 , the N = 2 multipactor resonance has disappeared since there are no longer side dark current spikes at ~45 MV/m gradient. We attribute the decrease in multipactor to a reduction in the SEY resulting from the processing. However, we cannot estimate the reduced SEY values that result from the processing and therefore cannot use these reduced SEY values for additional multipactor calculations. Previous research had been performed coating the entire inner surface of an accelerator cell with titanium nitride; in that case, the results were worse with the coating than without it [31] . It can be inferred that coating only the side wall of an accelerator cell has the potential to increase the high gradient performance, but coating the surfaces where the electric field is high with dielectrics will have negative effects.
